Nitric oxide (NO˙) is critical to numerous biological processes, including signal transduction and macrophage-mediated immunity. In this study, we have explored the biological effects of NO˙-induced DNA damage on Escherichia coli. The relative importance of base excision repair, nucleotide excision repair (NER), and recombinational repair in preventing NO˙-induced toxicity was determined. E. coli strains lacking either NER or DNA glycosylases (including those that repair alkylation damage [alkA tag strain], oxidative damage [fpg nei nth strain], and deaminated cytosine [ung strain]) showed essentially wild-type levels of NO˙resistance. However, apyrimidinic/apurinic (AP) endonuclease-deficient cells (xth nfo strain) were very sensitive to killing by NO˙, which indicates that normal processing of abasic sites is critical for defense against NO˙. In addition, recA mutant cells were exquisitely sensitive to NO˙-induced killing. Both SOS-deficient (lexA3) and Holliday junction resolvase-deficient (ruvC) cells were very sensitive to NO˙, indicating that both SOS and recombinational repair play important roles in defense against NO˙. Furthermore, strains specifically lacking doublestrand end repair (recBCD strains) were very sensitive to NO˙, which suggests that NO˙exposure leads to the formation of double-strand ends. One consequence of these double-strand ends is that NO˙induces homologous recombination at a genetically engineered substrate. Taken together, it is now clear that, in addition to the known point mutagenic effects of NO˙, it is also important to consider recombination events among the spectrum of genetic changes that NO˙can induce. Furthermore, the importance of recombinational repair for cellular survival of NO˙exposure reveals a potential susceptibility factor for invading microbes.
Nitric oxide (NO˙) is an inorganic gas generated by the oxidation of L-arginine by a family of enzymes called NOṡ ynthases (32) . NO˙is produced by many different mammalian cell types for a variety of biological functions, including its use as a signaling molecule in neurotransmission and vasodilation (3, 19) . NO˙, along with oxygen radicals, is also excreted at much higher concentrations by macrophages, as part of the mechanism for killing microbes and tumor cells. As the cytostatic effects of macrophages are greatly reduced by NO˙scav-engers, it is thought that NO˙is a key mediator of macrophage-induced toxicity (reviewed in reference 30). NO˙is highly soluble in lipids and thus readily diffuses into microbes to cause lethal damage to proteins and DNA (24) . To defend against the toxic effects of NO˙and reactive oxygen species, at least 15 genes are upregulated as part of the soxRS system in Escherichia coli (17, 49) . In addition, NO˙induces the SOS response (29) , which leads to increased expression of dozens of stress response genes (reviewed in reference 14) . Some of the genes induced by the SOS and soxRS systems are involved in DNA repair (35) (reviewed in references 10 and 14) . Nevertheless, little is known about the relative contributions of DNA repair pathways to the survival of microbes exposed to NO˙.
NO˙does not react with DNA directly but becomes a potent DNA-damaging agent once it is oxidized or reacts with superoxide anion. Oxidation by molecular oxygen and auto-oxidation of NO˙result in the formation of nitrous anhydride, N 2 O 3 , a powerful nitrosating agent, while reaction of NO˙with superoxide anion generates peroxynitrite, a powerful oxidizing agent (reviewed in reference 4). In E. coli, N 2 O 3 reacts with exocyclic amino groups to deaminate adenine, cytosine, and guanine to form hypoxanthine, uracil, and xanthine, respectively, all of which are potentially mutagenic if unrepaired (6); (reviewed in references 4 and 14) . The Ung and AlkA DNA glycosylases excise uracil and hypoxanthine, respectively, to initiate the base excision repair (BER) pathway (it is not yet known how xanthine is repaired) (26, 40) . After removal of deaminated bases by these DNA glycosylases or by spontaneous depurination, the phosphodiester backbone is cleaved by apyrimidinic/apurinic (AP) endonucleases at the abasic site. This results in a 3Ј-OH terminus, which can act as a primer for DNA synthesis, and a 5Ј-deoxyribose phosphate residue that is removed by a deoxyribose phosphodiesterase to facilitate repair DNA synthesis and ligation (reviewed in reference 51). The vast majority of lesions induced by N 2 O 3 are thought to be deaminated bases (6, 18) (reviewed in reference 4), though it is noteworthy that nitrous acid (which is chemically similar to N 2 O 3 ) can lead to intra-and interstrand DNA cross-links in vitro (42) . The second major pathway by which NO˙induces DNA damage is by reaction with superoxide to form peroxynitrite (ONOO Ϫ ). Peroxynitrite causes oxidation and nitration of bases, most notably guanine (reviewed in reference 4), resulting in predominantly 8-oxoguanine (8-oxoG) and 8-nitroguanine (44, 53) . 8-Nitroguanine is unstable and readily depurinates, with a half-life of 4 h, to form abasic sites that are substrates for the BER pathway (54). 8-oxoG is also repaired by BER, but in this case repair is initiated by the Fpg DNA glycosylase rather than by spontaneous depurination (reviewed in reference 51). However, it is possible that a significant portion of the 8-oxoG formed actually reacts again with peroxynitrite to form secondary oxidation products, the biological consequences of which are currently under investigation (5, 34, 48) . In addition to base lesions, peroxynitrite can also lead to single-strand breaks, although the frequency of base damage is several orders of magnitude greater than the frequency of chemically induced strand breaks (21, 39, 44) . While base damage is generally removed via excision repair, damage that encompasses both strands of the DNA helix (i.e., double-strand breaks) is repaired via homologous recombination pathways. NO˙does not directly cause double-strand breaks. However, some of the minor lesions induced by NOȧ re potentially recombinogenic (e.g., interstrand cross-links), and DNA excision repair intermediates might also become recombinogenic during DNA replication (e.g., abasic [AP] sites or nicks). Although the chemistry and biology of NOḣ ave been the subject of intensive investigation, to our knowledge, there are no reports of studies of the potential importance of various DNA repair systems in defending bacteria against NO˙toxicity. Hence, here we have compared the relative importance of BER, nucleotide excision repair (NER), and recombinational repair pathways in E. coli.
Here we show that none of the DNA glycosylases involved in the removal of damaged bases provides significant protection against NO˙-induced toxicity, nor is there any significant sensitivity of cells deficient in NER. Although none of the DNA glycosylase mutants were sensitive to NO˙, cells lacking AP endonuclease activity were very sensitive to NO˙toxicity, suggesting the formation of AP sites (generated by spontaneous base loss or by DNA glycosylases). Furthermore, we found that both the SOS response and recombinational repair are critical for defense against NO˙toxicity. By studying mutants deficient in specific aspects of homologous recombination, we provide evidence to support a model whereby recombinational repair serves to repair double-strand breaks that are likely to be formed when the replication machinery encounters nicked template DNA. A side effect of this repair pathway is that cells exposed to NO˙exhibit increased levels of recombination between misaligned sequences.
MATERIALS AND METHODS
Bacterial strains. Strains used in this study are listed in Table 1 . Most strains used for cytotoxic measurements are derived from AB1157, except for the fpg nei nth (parent BW35) and ung (parent MV1161) strains. The three parent strains were not significantly different from one another in their sensitivity to NOṫ oxicity (data not shown). The phenotypic markers associated with the gene disruptions were confirmed by growth on the appropriate selection medium or treatment with agents such as UV light. Lactose minimal agar contained M9 salts, 1% lactose, thiamine (1 g/ml), and 15 g of agar/liter. Cytotoxicity assay. Overnight cultures were diluted 100-fold and grown in Luria-Bertani (LB) medium until early log phase (optical density at 600 nm [OD 600 ] ϭ ϳ0.26). Aliquots of 100 ml were transferred into delivery chambers and exposed to nitric oxide (Messer, Malvern, Pa.) at room temperature for 2 h. The details of the NO˙delivery system have been described earlier (46) . Nitric oxide was delivered to the cell culture at a steady rate through silastic membrane tubing (Dow Corning Corp., Midland, Mich.). The delivery chamber has an aperture to facilitate diffusion of oxygen into the cell culture during treatment. Delivery rates were approximately 35 nmol/ml ⅐ min. NO˙delivery was confirmed by measuring the concentration of nitrate plus nitrite formed in the LB medium at various times during exposure (16) or by including a strain of known sensitivity to verify that exposure conditions were equitoxic with those of previous experiments wherein concentrations of nitrate and nitrite had been determined. After exposure of the cells to nitric oxide, appropriate dilutions of the culture in M9 salts were plated on LB plates and incubated. Surviving colonies were scored the following day.
NO˙-induced recombination assay. Strain GM7330 carries two different deletion alleles of the lac operon. The deletions are nonoverlapping, so that homologous recombination between the mutant alleles can restore the Lac ϩ phenotype (22) . Overnight cultures of GM7330 were diluted 100-fold and grown in LB medium to early log phase (OD 600 ϭ ϳ0.26) and exposed to NO˙, as described above. After 2 h, 10 ml of the cell suspension was pelleted and resuspended in 10 ml of M9 salts solution. The cells were allowed to recover in M9 salts solution for 30 min, pelleted, and resuspended in M9 salts solution. Aliquots of 100 l were plated on lactose agar, and appropriate dilutions were plated on LB agar to determine the number of survivors. The lactose plates were incubated at 37°C until recombinant colonies could be scored (ϳ4 days). Recombination events were calculated as the number of recombinants per survivor. UV-induced recombination assay. Overnight cultures of GM7330 were diluted 100-fold and grown in M9 minimal medium to early log phase (OD 600 ϭ ϳ0.26). Aliquots of 20 ml were transferred onto glass plates and exposed to UV. After treatment, the cells were allowed to replicate for another 90 min, pelleted, and resuspended in 10 ml of M9 salts solution. The cells were allowed to recover in M9 salts for 30 min, pelleted, resuspended into M9 salts solution, and plated on LB medium and lactose agar, as described above.
RESULTS

NER does not protect E. coli from NO˙-induced toxicity.
To investigate the potential importance of NER in protection against NO˙toxicity, log-phase NER-deficient uvrA E. coli and its parental strain were maintained for 2 h in an NO˙delivery chamber (NO˙gas is administered to the medium via a semipermeable membrane submerged in the culture [46] ). There was no significant difference in the sensitivities of wild-type and uvrA E. coli strains to NO˙ (Fig. 1A) . Thus, NER does not appear to play a critical role in the removal of toxic NO˙-induced lesions. Interestingly, using the same experimental system of NO˙delivery, NER-deficient uvrB Salmonella enterica serovar Typhimurium has been found to be more sensitive to NO˙than its wild-type counterparts (45) . This suggests that, in serovar Typhimurium, toxic lesions can be removed from the genome via excision repair. Given that NER plays a more minor role in preventing NO˙toxicity in E. coli than in serovar Typhimurium, we suspected that other excision repair enzymes may be more relevant to E. coli (e.g., BER).
DNA glycosylase mutants are not sensitive to NO˙toxicity. Nitrous anhydride, formed after the reaction of NO˙with oxygen, can deaminate bases to form xanthine, hypoxanthine, and uracil (reviewed in reference 4). Uracil is removed by the Ung uracil DNA glycosylase (26) , while hypoxanthine can be removed by the AlkA 3-methyladenine DNA glycosylase (40).
It is not yet known how xanthine is repaired. To determine if the glycosylases involved in the removal of deaminated bases help prevent NO˙toxicity, we exposed strains deficient in uracil glycosylase (ung strain) or 3-methyladenine DNA glycosylases (alkA tag strain) to NO˙. We observed that these glycosylase-deficient cells were not significantly sensitized to the effects of NO˙ (Fig. 1B) . This is consistent with the results of Tamir et al., who observed only a very slight increase in the sensitivity of ung E. coli to NO˙exposure (45) . Likewise, alkA E. coli when exposed to nitrous acid displayed a sensitivity similar to that of wild-type cells (43) . While Ung or AlkA may still remove potentially mutagenic NO˙-induced base damage, neither Ung nor AlkA plays a critical role in the removal of potentially toxic NO˙-induced base damage.
The peroxynitrite pathway leads primarily to oxidative DNA damage, rather than deaminated bases (reviewed in reference 4). Several DNA glycosylases are known to act on oxidized bases. The formamidopyrimidine-DNA glycosylase (fpg) repairs 8-oxoG (7), while the endonuclease III (EndoIII) (nth) (37) and EndoVIII (nei) (50) DNA glycosylases remove a broad spectrum of damage that primarily consists of oxidized pyrimidines, some of which are potentially cytotoxic (reviewed in reference 51). We exposed a strain deficient in all three of these oxidative damage glycosylases (fpg nei nth strain) (2) to NO˙and found no significant difference in survival between this triple mutant and its wild-type counterpart (Fig. 1B) . Also, single-mutant fpg E. coli and double-mutant nei nth E. coli were no more sensitive to the toxic effects of NO˙than were their wild-type counterparts (data not shown). Despite the resistance of fpg E. coli to NO˙, it is possible that the Fpg glycosylase indeed removes lesions created during exposure to NOḃ ut that these lesions are relatively nontoxic (or are removed by a redundant pathway in the absence of Fpg). For all panels, in cases where NO˙sensitivity is comparable to that of wild-type E. coli, the data presented are averages of at least two independent experiments. Data for wild-type AB1157 and the nfo xth strain are the averages of at least six independent experiments. There were no significant differences in sensitivity to NO˙among the wild-type strains that were used to create the mutant strains used in these studies (data not shown). WT, wild type.
AP endonuclease activity is critical for preventing NO˙tox-icity. The removal of damaged bases by a DNA glycosylase or spontaneous base loss is the first step in the BER pathway. Base loss results in AP sites that are potentially toxic if they are not processed by downstream enzymes in the BER pathway, beginning with AP endonucleases that cleave the DNA backbone 5Ј to the AP site. Glycosylases that repair oxidative damage, such as the Fpg DNA glycosylase, have an associated lyase activity that nicks the DNA backbone 3Ј to the AP site (36) . However, the nicked AP site cannot be extended by DNA polymerase unless there is a terminal 3Ј-OH group. AP endonucleases perform another critical function in the BER pathways by processing the 3Ј end at nicked AP sites (created by the action of a DNA glycosylase with associated lyase activity, for example) to create a terminal 3Ј-OH group suitable for extension by DNA polymerase (12, 33) .
E. coli has two AP endonucleases: exonuclease III (ExoIII, encoded by xth) and EndoIV (encoded by nfo). ExoIII accounts for 90% of the AP endonuclease activity in the cell (28) . However, the residual EndoIV activity is sufficient to provide significant protection of xth mutant cells exposed to an agent that leads to the generation of AP sites (namely, methyl methanesulfonate) (9) . In addition to its endonuclease and diesterase activities, ExoIII has an associated 3Ј-5Ј exonuclease function of unknown significance.
Cells lacking EndoIV were not sensitive to NO˙-induced killing, which is consistent with ExoIII being responsible for the majority of the AP endonuclease activity in E. coli (Fig.  1C) . Similarly, cells lacking ExoIII had near-wild-type levels of resistance to NO˙toxicity. However, the double-mutant xth nfo cells were highly sensitive to NO˙toxicity (Fig. 1C) . These results are consistent with previous studies showing that NOi nduces AP sites in mammalian cells and that ExoIII cleaves peroxynitrite-treated DNA (13, 45) . Thus, it is clear that, in E. coli, exposure to NO˙results in the generation of AP sites (either spontaneously or via DNA glycosylase [s] ) that are potentially toxic if they are not processed by ExoIII or EndoIV to generate a 3Ј-OH terminus that is suitable for extension by a DNA polymerase. Furthermore, the lack of sensitivity of the single xth mutant shows that the 3Ј-5Ј exonuclease activity, which is specific to ExoIII, is not critical for defense against NO˙damage.
Recombinational repair is an important cellular defense against NO˙toxicity. To investigate the potential importance of recombinational repair in preventing NO˙toxicity, RecAdeficient cells were exposed to NO˙. RecA is essential to almost all homologous recombination processes, since it binds to single-stranded DNA to create a nucleoprotein filament that is essential for homology searching (reviewed in reference 23). Cells deficient in RecA were sensitive to NO˙ (Fig. 2A) . To our knowledge, this extreme sensitivity of recA to NO˙is far greater than that reported for any other DNA repair mutant E. coli strain. These data suggest that recombinational repair and/or the SOS response may help cells tolerate toxic DNA lesions induced by NO˙.
RecA initiates the SOS response by activating self-cleavage of the LexA repressor, which in turn leads to the upregulation of dozens of DNA repair and damage tolerance genes (reviewed in reference 14). To investigate the importance of the SOS response, we exploited lexA3 mutant cells, whose LexA protein is incapable of self-cleavage (making the cells deficient in the SOS response) (27) . We found that the lexA3 mutant strain is sensitive to NO˙exposure, although not quite as sensitive as the recA strain ( Fig. 2A) . This implies that a major role of RecA in NO˙resistance is due to its ability to induce the SOS response. However, recombinational repair remains potentially quite important, particularly since the SOS-inducible recA, ruvA, and ruvB gene products play central roles in homologous recombination.
To test whether homologous recombination affords protection against NO˙toxicity, we monitored the survival of strains deficient in proteins involved in homologous recombination. In most homologous recombination processes, RecA initiates homology searching and strand invasion to form Holliday junctions that are resolved by the combined action of RuvA, RuvB, and RuvC or via RecG-mediated branch migration (reviewed in reference 23). Because some homologous recombination events may require Holliday junction resolution by a resolvase, such as RuvC, a ruvC mutant strain can potentially be used to monitor the involvement of homologous recombination in strain survival. The ruvC strain was sensitive to NO˙ (Fig. 2B) , demonstrating the importance of recombinational repair in preventing NO˙toxicity.
Almost all homologous recombination processes in E. coli involve RecA and RuvC, and they can be divided into two major processes: those initiated by single-strand gaps and those initiated by double-strand ends. Before RecA can be recruited to initiate homology searching, potential recombination substrates have to be processed to facilitate loading of RecA. The recBCD gene products process double-stranded ends (e.g., see references 1 and 47), while the recFOR gene products bind single-strand gaps (20, 31) . In both cases, the action of these complexes facilitates RecA loading onto a single-stranded region (reviewed in reference 23). To determine if the majority of the recombination processes induced by NO˙are initiated by single-strand gaps or by double-strand ends, we monitored the relative survival of recBCD and recF mutant cells. The strain deficient in RecBCD was more sensitive to NO˙toxicity than was a strain deficient in RecF (indeed, recF mutant cells showed very little, if any, increased sensitivity to NO˙). Thus, we conclude that unrepaired double-strand ends are primarily responsible for the toxicity observed in cells deficient in homologous recombinational repair.
NO˙induces recombination in E. coli. The GM7330 strain of E. coli carries two copies of the lac operon, each with a nonoverlapping deletion so that these cells are Lac Ϫ (22) . At one locus, the deletion inactivates the lacA and lacY genes, while the other locus carries a deletion in the lacZ region. A Lac ϩ phenotype can be reconstituted by a recombination event between the two incomplete lac loci. To our knowledge, only one study using this strain for measurements of DNA damageinduced recombination events has been reported previously (55) . To be able to compare our results with NO˙to those for a known recombinogen, we exposed GM7330 to UV and plated bacteria on both lactose plates (to monitor recombinants) and LB plates (to monitor percent survival). Recombination events can then be scored as the number of recombinants per survivor. Figure 3 shows that the frequency of recombinants rose with increasing UV dose (and decreasing survival), which is consistent with studies of another microbe, Saccharomyces cerevisiae, where UV has been shown elsewhere to induce recombination in a dose-dependent manner (41) . Subsequently, we determined the frequency of recombination events induced by NO˙. At a dose of NO˙at which ϳ50% of the cells survive, the frequency of recombination was approximately fivefold greater than that in untreated cells, showing that NO˙was comparable to UV in its ability to induce recombination (Fig. 4) .
DISCUSSION
Extensive investigation has shown that NO˙exerts its biological effects via damage to proteins and direct damage to DNA. NO˙reacts with iron-sulfur centers and sulfhydryl groups to inactivate proteins that contribute to DNA stability, such as ribonucleotide reductase (necessary for normal DNA replication) and several enzymes involved in DNA repair (e.g., Fpg DNA glycosylase, DNA repair methyltransferase, and DNA ligase) (15, 25, 38, 52) . In addition to the potentially deleterious effects of loss of function of these important DNAmetabolizing proteins, NO˙can induce covalent modifications to the DNA such as nicks, cross-links, and base damage (reviewed in reference 4). Although strand breaks and cross-links are potentially toxic to cells, the majority of lesions induced by NO˙are base modifications, such as deamination or oxidation products (21, 39, 44) . Base damage is generally repaired by the NER and BER pathways. We therefore initially investigated the potential of excision repair pathways to defend against NO˙-induced toxicity.
Despite the broad substrate range of NER, E. coli cells deficient in NER did not show increased sensitivity to NO˙, raising the possibility that the BER process may be relevant to repair of NO˙-induced base damage. However, none of the glycosylase-deficient strains examined in this study showed increased sensitivity to NO˙toxicity. Thus, it appears that BER of NO˙-induced base damage may be important for removal of potentially mutagenic lesions but not for removal of toxic lesions. Alternatively, there is sufficient redundancy among DNA glycosylases (or between excision repair pathways) to prevent base damage-induced toxicity in the absence of certain DNA glycosylases.
We also examined the importance of enzymes that act downstream of the DNA glycosylases in the BER pathway. Although E. coli strains lacking either the EndoIV or the ExoIII AP endonucleases were resistant to NO˙-induced toxicity, cells carrying mutations in both of these AP endonucleases (xth nfo cells) were very sensitive to NO˙-induced cell killing. In contrast, previous studies by Nunoshiba et al. showed that E. coli strains deficient in nfo alone are quite sensitive to macrophagemediated toxicity (35) . Perhaps the very long-term nature of these experiments, involving activated macrophages, accounts for the sensitivity of the nfo mutant E. coli in these experiments.
In contrast to NO˙exposure, where xth strains showed nearwild-type levels of resistance, xth mutant cells are very sensitive to H 2 O 2 (11). Exposure of cells to H 2 O 2 causes radical-induced breakdown of deoxyribose, which requires 3Ј-end processing by ExoIII (ExoIII is responsible for ϳ99% of the endprocessing activity in E. coli [33] ). While the generation of similar direct single-strand breaks through peroxynitrite radicals cannot be excluded, chemically induced strand breaks are rare in comparison to the number of strand breaks generated through the action of repair enzymes (21, 39, 44) . Furthermore, the observation that ExoIII and EndoIV can compensate for one another in the case of exposure to NO˙is consistent with their roles as AP endonucleases and makes it less likely that ExoIII is playing a critical role in processing damaged 3Ј ends. In any case, the finding that nfo xth E. coli strains are sensitive to NO˙toxicity indicates that AP sites are induced by NO˙exposure and that repair of these sites is critical to cellular survival. Further studies are necessary to determine the relative contributions of spontaneous base loss and specific DNA glycosylases to the generation of these AP sites.
Excision repair is effective for lesions that occur on one strand, but recombinational repair is critical for the repair of lesions that encompass both strands of the DNA duplex, such as interstrand cross-links, double-strand breaks, daughterstrand gaps, and collapsed replication forks (reviewed in reference 23). Almost all homologous recombination events require the function of RecA. Cells deficient in RecA were very sensitive to NO˙toxicity; however, RecA-deficient cells are sensitive to other DNA-damaging agents as well. Nevertheless, for many other DNA-damaging agents, excision repair pathways play a much more substantial role in suppressing toxicity (e.g., NER for UV damage and DNA glycosylases for methylation damage). For RecA to start filament formation and initiate homologous recombination, it needs to be assisted by RecBCD or RecF. While RecBCD mediates repair of doublestrand ends, RecFOR mediates repair of daughter-strand gaps. The results of the studies presented here show that cells deficient in RecF were, at most, only slightly sensitive to the toxic effects of NO˙, whereas cells lacking RecBCD were as sensitive to NO˙as were cells deficient in RuvC. The function of a resolvase is required to process Holliday junctions formed during homologous recombination, and RuvC is the major E. coli Holliday junction resolvase. These results suggest that the vast majority of NO˙-induced Holliday junctions are formed during RecBCD-mediated repair of double-strand ends. It is noteworthy that RecF is critical both for the repair of daughter-strand gaps that form when replication is inhibited in the lagging strand and for tolerance of lesions that inhibit DNA replication in the leading strand (8, 20, 31) . Consequently, cells lacking RecF are very sensitive to agents that create lesions that inhibit DNA replication, such as UV (8) . The apparent resistance of the recF mutant cells to NO˙exposure suggests that inhibition of DNA replication is not the major cause of NO˙-induced recombination.
What type of NO˙damage might lead to double-strand ends and recombination events? Two of the most potent inducers of recombination events are double-strand breaks and interstrand cross-links. As mentioned before, NO˙does not directly form double-strand breaks (reviewed in reference 4). Although there is evidence that NO˙can create interstrand cross-links, it is unlikely that such cross-links are pivotal in this process, since NER-deficient cells are not sensitive to NO˙ (Fig. 1A) and the major pathway for repair of interstrand cross-links involves NER (reviewed in reference 14). A remaining candidate for recombination induction is damage that inhibits DNA replication. Given the resistance of recF mutant cells to NO˙-induced killing, which is required to restart replication (8) , it seems unlikely that lesions that inhibit DNA replication are primarily responsible for NO˙-induced recombination.
We propose the following model for the mechanism of NO˙-induced recombination. NO˙creates base damage, such as deamination products, that are processed by enzymes in the BER pathway, creating nicks and gaps in the process. If such BER intermediates are encountered by the replication machinery, this may result in the collapse of the replication fork, which would be repaired by the RecBCD pathway or lead to cell death. If the replication fork finds homology in a homologous chromosome or at another locus in the genome, this would result in a rearrangement of DNA sequences. Indeed, we observed that NO˙does induce such rearrangements between two mutant lac loci to restore a Lac ϩ phenotype. It is also possible that single-strand breaks formed directly by peroxynitrite might become recombinogenic during DNA replication.
The implications of the work presented here can be summarized as follows. We have shown that recombinational repair is pivotal for preventing NO˙-induced killing of microbes. To our knowledge, the recA mutation in cells has a far greater effect on cellular survival at physiological levels of NO˙exposure than that of any other gene mutation previously reported. These results suggest that the recA gene product, which is key both to the SOS response and to recombinational repair, may be an effective target as an adjuvant to antibiotic therapies. In addition, we have shown that NO˙induces recombination, at least in E. coli, which indicates that DNA rearrangements must be included when considering the mutational spectrum of NOȧ nd, in terms of mammalian biology, introduces a novel potential mechanism for the underlying link between inflammation and cancer.
